The ability of Mycobacterium tuberculosis to form serpentine cords is intrinsically related to 
Introduction 34
Mycobacterium tuberculosis is one of the most successful bacterial pathogens of humankind 35 and still constitutes a global health challenge (WHO, 2017) . A striking phenotype of M. 36 tuberculosis growing in nutrient broth is the ability of this pathogen to form serpentine 37 cords, a morphological observation originally described by Robert Koch (Koch, 1882) . This 38 cording phenotype is intimately associated with virulence and immune evasion (Glickman et 39 al., 2000) . The first morphological descriptions of M. tuberculosis growth in liquid and solid 40 media described a distinct ability of tubercle bacilli to form large and elongated structures 41 by Middlebrook, Dubos and Pierce in the mid-1940s (Middlebrook et al., 1947) . Cording is a 42 complex phenotype involving many mycobacterial factors including lipids such as the "cord-43
factor" glycolipid trehalose dimycolate (TDM) (Hunter et al., 2006a; Hunter et al., 2006b ; 44
Indrigo et al., 2002) and a series of chemical modifications such as cyclopropanation of 45
mycolic acids in the cell wall (Glickman et al., 2000) . 46
47
Similar cording has been reported in other pathogenic mycobacteria, primarily in liquid 48 media or extracellularly in various cell and organism models of infection. In zebrafish, M. 49 abscessus released from apoptotic macrophages grows extracellularly, forming cords 50 (Bernut et al., 2014) . It is postulated that apoptosis of infected macrophages is a key event 51
in the release of extracellular bacteria and subsequent initiation of cord formation. There 52 are, however, a few reports showing that cording can also occur intracellularly. In 1928, 53
Maximow and co-workers first reported intracellular cording in tissue culture (Maximow, 54 1928) . In 1957, Shepherd studied this phenomenon in HeLa cells and found that only fully 55 virulent M. tuberculosis strains formed cords. Moreover, Ferrer and co-workers (Ferrer et 56 al., 2009) showed that an attenuated mutant of M. tuberculosis formed cords in fibroblasts. 57 58 Overall, extracellular cording has been shown in mycobacteria to be anti-phagocytic and to 59 be a trigger of extracellular trap formation in macrophages (Bernut et al., 2014; Kalsum et 60 al., 2017; Wong and Jacobs, 2013) . Although proposed as a virulence mechanism, this does 61 not explain why an intracellular pathogen such as M. tuberculosis would prefer to replicate 62 in cords in the relatively nutrient poor extracellular space to avoid phagocytosis. 63
Here we discovered that M. tuberculosis forms large intracellular cords consisting of up to 86 thousands of individual bacteria arranged end-to-end in hLEC in vitro and in biopsies of 87 tuberculosis patients. Intracellular cording is common to all tested clinical isolates and 88 'virulent' lab strains of wild-type M. tuberculosis that had not lost the ability to produce 89 phthiocerol dimycocerosates (PDIMs) during laboratory sub-culturing. We identified a 90 transcriptional signature from the host consistent with M. tuberculosis membrane damage 91 and escape from the phagosome into the cytosol and used correlative light electron 92 microscopy (CLEM) to determine that intracellular cords are formed of chains of individual 93 M. tuberculosis which are only present in the host cell cytosol. M. tuberculosis mutants 94 lacking ESX-1 or PDIMs that cannot access the cytosol are incapable of cording unless co-95
We next sought to understand M. tuberculosis factors that contributed to the intracellular 160 cording phenotype in hLEC. We have previously shown that the ESX-1 secretion system, 161 encoded in the RD1 genomic region, and the cell wall lipid phthiocerol dimycocerosate 162 (PDIMs) are required for intracellular replication of M. tuberculosis in hLEC (Lerner et al., 163 2016; Lerner et al., 2018) . Infection with the M. tuberculosis ΔRD1 mutant that lacks the 164 ESX-1 secretion system was not able to form cords but instead exhibited smaller clumps of 165 bacteria sometimes with a mesh-like appearance (Fig. 3a) . The phenotype of the M. 166 tuberculosis mutant lacking PDIM also presented a clumpy mesh-like phenotype with an 167 increased number of individual bacteria that were not organised in cords (Fig. 3a) . M. 168 tuberculosis mutants lacking either the ESX-1 secretion system or the virulence-related lipid 169 PDIM (Astarie-Dequeker et al., 2009) failed to cord intracellularly (Fig. 3b) . The lack of 170 cording observed with the RD1 mutant was not due to the reduced bacterial burden, since 171 increasing the multiplicity of infection did not increase cord formation although significant 172 bacterial growth was observed (Fig. 3c, d , e, f). Moreover, we found that the up-regulation 173 of some genes in hLEC after infection (Fig. 2b) such as interferon-beta (IFN-) or interleukin-174 6 (IL-6) was RD1 and PDIM dependent (Supplementary Fig. 2 ). For other genes, ESX-1 and 175 PDIM seem to play a suppressive role, suggesting that other Mtb factors are involved in the 176 activation of immune pathways. Altogether, in hLEC, the ability of M. tuberculosis to form 177 intracellular cords requires both the ESX-1 system and the lipid PDIMs. 178
179

M. tuberculosis intracellular cords are localised in the cytosol 180
Given that at least two critical M. tuberculosis virulence-associated factors that contribute 181 to cytosolic localisation were required for intracellular cording and the significant 182 upregulation of cytosolic pathogen surveillance during cording, we next sought to define the 183 subcellular compartment within which M. tuberculosis cords were localised in hLECs. By 184 using a correlative imaging approach (correlative light and electron microscopy, CLEM), we 185 determined that M. tuberculosis intracellular cords were localised in the cytosol of hLEC in 186 long structures that (in this example) looped around the host cell nucleus (Fig. 4a) . In 187 contrast, small groups of M. tuberculosis containing relatively low numbers of individual 188 bacteria were localised in a membrane-bound compartment (Fig. 4b) (Fig. 5a) . Strikingly, if hLEC are co-infected with 209 RFP-M. tuberculosis WT and with E2-Crimson-M. tuberculosis ΔRD1 or GFP-M. tuberculosis 210 ΔPDIM, the M. tuberculosis mutants lacking either ESX1 or PDIM were now able to clearly 211 form intracellular cords (Fig. 5a) . Consistent with these observations, the feret diameter of 212 E2-Crimson-M. tuberculosis ΔRD1 or GFP-M. tuberculosis ΔPDIM in co-infected cells was 213 similar to RFP-M. tuberculosis WT whereas GFP-M. tuberculosis ΔRD1 or ΔPDIM alone had 214 low feret diameter measurements (Fig. 5b) . Importantly, in co-infected cells, both the M. 215 tuberculosis ΔRD1 or ΔPDIM were able to replicate more efficiently (Fig. 5c) . By CLEM, we 216 confirmed that the RFP-M. tuberculosis WT was localised in the cytosol and defined at the 217 ultrastructural level that the cords formed by GFP-M. tuberculosis ΔRD1 in co-infected cells 218 were now localised in the cytosol (Fig. 5d, e) . Altogether, M. tuberculosis replicates in the 219 cytosol of hLEC forming long intracellular cords; moreover, because bacteria that normally 220 do not access the cytosol such as the M. tuberculosis ΔRD1 mutant were able to do so when 221 forced into the cytosol, this indicates that the effect of ESX-1 on intracellular cording is 222 mediated by access to the cytosol. Fig. 2) suggesting that in hLECs, 230 xenophagy primarily recognises mycobacteria that access the cytosol, the intracellular 231 location for M. tuberculosis cording. Thus, we investigated whether cording vs non-cording 232 populations of M. tuberculosis were recognised by the selective autophagy machinery. 233
Notably, when we co-labelled ubiquitin and p62 in cord-containing cells, we found that both 234 markers selectively associated with only small bacterial groups and not M. tuberculosis 235 cords (Fig. 6a) . Strikingly, large M. tuberculosis cords (as defined by having a feret diameter 236 of greater than 10 µm), were devoid of the selective autophagy markers ubiquitin, p62, 237
Galectin-8, NDP52 and LC3B as well as the late endosomal/lysosomal markers LAMP-2 and 238 cathepsin D (Fig. 6b) . In contrast, we found that, whereas none of the markers analysed 239 localised to the cords, some of the markers localised to a single or small group/clump of 240 intracellular M. tuberculosis with a lower feret diameter (Fig. 6b) . These data indicated that, 241 although large and long M. tuberculosis cords were present in the cytosol, these were not 242 recognised by xenophagy. Consistent with the cords being negative for the autophagy-243 related host-cell markers tested, live cell imaging in hLECs expressing RFP-p62 revealed that 244 the intracellular cords form from bacteria which have either completely evaded p62-positive 245 compartments as a readout of autophagic targeting (Fig. 6c, Movie S1 ) or which have 246 initially been growth-restricted in a p62-positive state (Fig. 6d) but subsequently became 247 p62-negative, where this process can also cycle several times (Fig. 6e, Movie S2) . Crucially, 248 the M. tuberculosis cords only ever form once the bacteria lost p62 (Fig. 6e, Movie S3 (Bernut et al., 2014) . We determined that intracellular cording is a 268 result of evading the host cell defences and allows vast numbers of bacteria to proliferate, 269 only being stopped by physical space and eventually leading to the cell being compromised 270 and cords disseminating, which are too large for phagocytosis by macrophages and/or 271
neutrophils. 272 273
High burdens of cytosolic bacteria without induction of host cell death was surprising and 274 suggested that human endothelial cells respond differently to infection that in human 275 primary macrophages (Lerner et al., 2017) . Several pathological studies have shown that 276 while some bacilli produce massive tissue damage, especially in the lung, others persist in 277 many tissues with no gross evidence of damage (Hunter et al., 2016) . We propose that 278 infection in macrophages tends to induce necrotic cell death whereas endothelial cells are 279 in the cytosol it is unlikely that ubiquitination will play a major role in xenophagic targeting. 309
We reason that if the bacteria themselves are being recognised, then why is only a 310 subpopulation targeted to autophagy? What is different about them? We hypothesise that 311 it is the ESX-1 mediated damaged membranes surrounding bacteria that are recognised, and 312 if M. tuberculosis is in close proximity to this it will be 'captured' with it. This process may be 313 cyclical, with M. tuberculosis then damaging the autophagic compartment to escape again. 314
However, if M. tuberculosis can get away from the damaged membranes after cytosolic 315 translocation, it may be able to evade autophagic capture. This is likely to occur for the 316 majority of the M. tuberculosis, hence why only a relatively small population are targeted to 317 autophagy. It is unlikely that dead bacteria or those that do not damage the phagosomal 318 membrane will be targeted to autophagy because it is ESX-1 and PDIM dependent; these 319 populations are thus likely to mature into phagolysosomes. Although the cording 320 phenotype seems to be unique for pathogenic mycobacteria, it remains to be determined if 321 other cytosolic pathogens also evades autophagy in a size-dependent manner as shown 322
here. 323
324
Experimental procedures 325
Cells 326
Primary hLEC taken from inguinal lymph nodes (ScienCell Research Laboratories, #2500) 327
were cultured according to the manufacturer's instructions up to passage 5 as described 328 fully in (Lerner et al 2016) . For confocal microscopy of fixed cells, 20,000 cells in 300 μl 329 complete endothelial cell medium (ECM) (ScienCell Research Laboratories, #1001) were 330 seeded onto 10 mm diameter #1.5 glass coverslips (Glaswarenfabrik Karl Hecht, 331 #1001/10_15). For imaging destined for CLEM, 10,000 cells per dish (MatTek, #P35G-1.5-14-332 CGRD) in 500 μl ECM were seeded to achieve a confluence of 30-50% (thus allowing 333 visualisation of the grid reference etched into the dish). For live cell imaging, 25,000 cells 334 per dish in 500 μl ECM were seeded to achieve a confluence of >80% (thus limiting the cells' 335 movement away from the field of view). For electron microscopy, 200,000 cells per T25 flask 336 were seeded in 5 ml ECM. For imaging with the automated confocal microscope Opera 337 Phenix, 5,000 cells per well were seeded in 96 well plate (Cell Carrier 96 ultra, PerkinElmer) . 338
Type II alveolar epithelial A549 cells (ATCC) were cultured according to the manufacturer's 339 instructions. For confocal microscopy, 50,000 cells in 500 µl DMEM (Gibco) supplemented 340 with 10% (v/v) heat inactivated foetal calf serum (FCS) were seeded onto 10 mm diameter 341 #1.5 glass coverslips. 342
Mycobacterium tuberculosis strains 344
This study used the following EGFP tagged strains as described previously (Astarie-Dequeker 345 were then resuspended in ECM medium and centrifuged at a slow speed to pellet any 366 remaining clumps, but leaving individual bacteria in suspension. The OD 600 of the bacterial 367 suspension was measured and then added to hLECs at a theoretical multiplicity of infection 368 (MOI) of 10 in ECM medium. Infection was for five hours and was followed by two PBS 369 washes to remove any uninfected M. tuberculosis. The infected cells were incubated usually 370 for 2-72 h but up to 7 days for live cell imaging. For experiments requiring co-infection of 371 two M. tuberculosis strains, we used strains tagged with different colours to distinguish 372 between them (RFP, EGFP or E2-Crimson). These strains were prepared individually using 373 the above method, and only mixed just prior to hLEC infection (at an MOI of 5 each, to 374 achieve a total MOI of 10). 375 376
Indirect immunofluorescence 377
An extended method can be found in (Lerner et al 2016) . In summary, infected hLEC on 378 coverslips were fixed with 3% methanol-free paraformaldehyde (Electron Microscopy 379 Sciences, #15710) in PBS for 24 h. Coverslips were quenched with 50 mM NH 4 Cl (Sigma-380 Aldrich, #A9434) and then permeabilised with 0.01% saponin (Sigma-Aldrich, #84510) 1% 381 the primary antibody (diluted in PBS with 0.01% saponin, 1% BSA) was added onto the 383 coverslips for one to two hours at room temperature (detailed in Table 1 ). Following this, 384 three PBS washes preceded addition of the secondary antibody (diluted in the same way as 385 the primary antibody) for one hour at room temperature. The coverslips were again washed 386 three times in PBS, before an optional staining step for F-actin using a 1:250 dilution of 387 either rhodamine phalloidin (Biotium, #00027), Alexa Fluor 633-phalloidin (Life 388 Technologies, #A22284) or Alexa Fluor 488-phalloidin (Life Technologies, #A12379) for 20 389 minutes at room temperature. After three more PBS washes, 300 nM DAPI (Life 390
Technologies, #D3571) in PBS was added for 10 minutes to stain nuclei. After a final PBS 391 wash, the coverslips were mounted onto glass slides using DAKO mounting medium (DAKO 392 
Confocal microscope image acquisition and analysis 397
Imaging of fixed samples was performed using a Leica SP5 AOBS Laser Scanning Confocal 398
Microscope (Leica Microsystems) exactly as detailed in (Lerner et al., 2016) . Images were 399 obtained in .lif format and imported into FIJI (NIH). Three parameters were measured using 400 The emitted fluorescence was captured using 2 cameras associated with a set of filters 413 covering a detection wavelength ranging from 450 to 690 nm. For each well, 30 to 35 414 adjoining fields containing 4 Z-stacks distant from 1µm were acquired. 10% overlap was 415 applied between fields in order to generate a global image clustering all the fields in a single 416 image. The maximum projection of the images was analysed using a dedicated in-built script 417 developed using the image-analysis software Harmony 4.6 (PerkinElmer). 418
Cell segmentation: A local intensity detection algorithm applied on the DAPI channel was 419 used to detect both Nuclei and cytoplasm (nuclei: maximal local intensity; cytoplasm: 420 minimal local intensity). 
Electron microscopy (EM) of single-infected cells 442
Electron microscopy was performed exactly as previously described (Lerner et al., 2016) . 443
Briefly, hLEC were infected for 5 + 72 hours with M. tuberculosis WT-EGFP prior to fixation in 444 4% PFA/2.5% GA in 0.1 M phosphate buffer for 24 hours at 4°C. The field of view of interest 445 was imaged first by confocal microscopy, and then processed for imaging by serial block 446 face scanning electron microscopy (SBF SEM) using a 3View2XP (Gatan, Pleasanton, CA) 447 attached to a Sigma VP SEM (Zeiss, Germany). The same field of view was captured thus 448 facilitating the creation of a composite correlative light/electron microscopy (CLEM) image. 449 SBF SEM images were collected at 1.8 kV using the high current setting with a 20 µm 450 aperture at 5-10 Pa chamber pressure and a 2 µs dwell time. Maximum intensity projections 451 of confocal slices were aligned manually to highlight bacteria positions. 452
Selected bacteria were segmented manually from slices of SBF SEM datasets and 3D 455 reconstructions were made using the 3dmod program of IMOD (Kremer et al., 1996) . Each 456 dataset was first de-noised with a 0.5 pixel Gaussian blur filter applied in Fiji (ImageJ; 457 National Institutes of Health). 2 datasets from each of 2 independent samples were then 458 segmented for each of the cord and membrane-bound bacteria conditions. The dataset xy 459 pixels were 9.9 nm and 8.7 nm for cord bacteria, and 5.4 nm and 6.3 nm for membrane 460 bound bacteria; all datasets consisted of serial images of 50 nm thickness. 
CLEM of co-infected cells 477
hLEC were co-infected with M. tuberculosis WT-RFP and M. tuberculosis ΔRD1-GFP prior to 478 fixation and confocal microscopy as above. The field of interest was then processed for 479 imaging by transmission electron microscopy (TEM). The cells were post-fixed in 1% reduced 480 osmium tetroxide, stained with tannic acid, and quenched in 1% sodium sulphate. Next, the 481 cells were dehydrated progressively up to 100% ethanol and incubated in a 1:1 propylene 482 oxide/epon resin mixture. After infiltrations in pure resin, the samples were embedded at 483 60C for 24 h. SBF SEM and TEM was performed as described previously (Russell et al., 484 2017) . Briefly, the field of interest was approached by SBF SEM (there being sufficient signal 485 for approach imaging even though the cells were not processed for this method), then the 486 cut face was aligned to a diamond knife in a UC7 ultramicrotome (Leica Microsystems) and 487 70-80 nm sections from the field of interest were collected. The sections were stained with 488 lead citrate and imaged in a TEM (Tecnai G2 Spirit BioTwin; Thermo Fisher Scientific) using a 489 charge-coupled device camera (Orius; Gatan Inc.). For CLEM overlay, TEM images were 490 assigned to confocal slices manually in z. The confocal slice was then processed and aligned 491 with TurboReg in Fiji as above. 492
Histology, immunohistochemistry and analysis 494
The study was performed using excised cervical lymph node tissue stored within the 495
Department of Anatomical Pathology at Groote Schuur Hospital (Cape Town, South Africa). 496
All of these biopsies were taken for clinical indications. Residual paraffin-embedded blocks 497 of these specimens were stored for further processing. This study complied with the 498
Declaration of Helsinki (2008), and ethics approval was obtained from the University of Cape 499
Town Human Research Ethics Committee (REC187/2013). Informed consent was waived, as 500
this was a retrospective study of formalin-fixed paraffin-embedded tissue samples collected 501 during the course of routine clinical practice. Patient identifiers were unavailable to 502
investigators. 503
Formalin-fixed paraffin-embedded tissue sections from patients diagnosed as tuberculosis 504 culture positive and/or acid-fast bacilli positive (AFB+) were selected for the study and 505 processed as described before (Lerner et al., 2016) . Briefly, tissue sections were 506 deparaffinized in xylene (2 x 10 min, 100%, 95% and 80% ethanol (2 min each). Tissue 507 sections were then placed into an antigen retrieval buffer (Access super antigen solution, 508
Menarini diagnostics, UK) in a decloaking chamber (Biocare Medical, CA, USA); incubated at 509 110 degrees for 10 min and allowed to cool for 60 min. Sections were permeabilized in PBS-510 0.2% Triton X-100 and incubated in blocking buffer (1% BSA, 5% Fetal Calf Serum in PBS) 511 overnight at room temperature. Primary and secondary antibodies were tested for cross 512 
RNA-Seq data analysis 528
The RNA-Seq data in this paper have been deposited in Gene Expression Omnibus repository 529 with accession number GSE110564. The quality of the Illumina-produced fastq files was 530 assessed using FastQC (v0.11.5) and adapter trimmed using Trimmomatic (v0.36). The 531 resulting reads were then aligned to the human genome (Ensembl GRCh38 release 88 build) 532 using STAR aligner (v2.5.2a). Gene counting was done using RSEM (v1.2.29) and expected 533 read counts were normalized using DESeq2 (v1.18.1), which also determined the log2 fold 534 change and statistical significance between the infected and uninfected samples. Canonical 535 pathway and functional process analyses were performed using IPA Ingenuity (QIAGEN) and 536
MetaCore (Thomson Reuters). 537 538
Real-time polymerase chain reaction (RT qPCR) 539
Isolated RNA was processed with QuantiTect™ Reverse Transcription Kit (Qiagen). 540
Quantitative real-time RT-PCR (qRT-PCR) was performed using 11.25 ng cDNA per well with 541 0.5 μl TaqMan™ Gene Expression Assay probe and 5 μl TaqMan™Universal PCR Master Mix 542 in a 10-μl reaction volume on The Applied Biosystems™ QuantStudio™ 7 Flex Real-Time PCR 543 System. Each reaction was performed in triplicate. Data analysis was performed using 544
ExpressionSuite for QuantStudio™ (Applied Biosystems). Fold change was determined in 545 relative quantification units using GAPDH for normalization. 546
547
Data and statistical analysis 548
(GraphPad Software Inc.). Means between 2 groups were compared using two-tailed 550 Student's t tests and means among 3 or more groups were compared using one-way ANOVA 551 with Tukey's multiple comparisons tests. A p value of under 0.05 was considered significant 552 (*p<0.05; ** p<0.01, *** p<0.001). Plots were produced in Prism 6 or ggplot2 in R (The R 553 
Project for Statistical Computing
591
Ganbat, D., Seehase, S., Richter, E., Vollmer, E., Reiling, N., Fellenberg, K., Gaede, K.I., Kugler, C., and ImageJ was used to first select only the GFP channel corresponding to the bacteria. The GFP 768 was subjected to a pixel threshold, dilated and eroded (add and then remove 1 pixel to the 769 outline, to link up any incorrectly thresholded pixels) and then outlined to form 'particles' 770 distance between the two furthest apart pixels in the particle. *** ***
